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Abstract 
The photophysics of several bichromophoric dipeptide model compounds 
and two trichromophoric 15-residue peptides have been studied by a 
combination of absorption, fluorescence, phosphorescence and laser flash 
photolysis.  Intramolecular singlet-singlet energy transfer (SSET) occurs 
efficiently within these systems.  Trichromophore 14 undergoes 
intramolecular SSET from the central chromophore to the termini, kSSET = 
5.8 x109 s-1 , with a five fold increase over 13, kSSET = 1.1 x 109 s-1 . 
 
 
Evaluation of SSET mechanisms via the Förster treatment and molecular 
modeling indicates that the dipole-induced dipole mechanism is sufficient 
to account for the observed SSET.  However, given the close distances of 
the chromophores (~10 Å), an electron exchange mechanism can not be 
ruled out. 
 
Low-temperature phosphorescence in 1:1 methanol/ethanol and room-
temperature laser flash photolysis in acetonitrile results indicate that 
intramolecular triplet-triplet energy transfer (TTET) is efficient in dipeptides 
7,9-12 and proceeds  with a rate constant of kTTET > 5 x 10 8 s-1.  The 
occurrence of TTET in dipeptide 8, (biphenyl-naphthalene), could not be 
confirmed due to the fact that SSET from biphenyl to the naphthalene 
moiety was 26 times greater than kISC.  Thus nearly all absorbed light was 
funneled directly the to the singlet manifold of the naphthalene moiety.    
3 
 
TTET in the trichromophores could not be fully evaluated due to their low 
solubility.  However, it is shown from 77°K experiments that kTTET is at 
least 2.2 x 102 and 2.6 x 102 s-1 for 13 and 14 respectively. 
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Introduction 
 
 
Recently, significant interest in intramolecular energy and electron transfer 
in polychromophoric systems has been reflected in the published 
literature.  Much of this work has been focused on the development of 
molecular electronic devices. 1-7 The application of transfer processes to 
molecular electronics devices, such as wires and switches, has been 
investigated by several groups.8-25  Devices at the conceptual stage 
utilizing transfer processes, such as memory26,27, gates28-31, rectifiers32,33, 
machines34-37, shuttles38,39, and light emitting diodes40 have also been 
discussed in the literature. 
 
Intramolecular energy transfer in both organic and organometallic-based 
systems has been investigated.  This work has focused primarily on 
determining the effects of molecular architectures on transfer efficiency, 
with emphasis on the linking groups which join the chromophores 
together.  In the case of some organic systems, a rigid linker structure, 
such as fused norbornyl groups (Figure 1), has been employed to connect 
chromophores.  In other organic and organometallic systems, linkers have 
been flexible, e.g., methyl ester groups (Figure 2).  Generally, the flexibility 
of the bridging groups (or the lack of flexibility) has significant effects upon 
the mechanisms and efficiency of energy transfer between the 
chromophores. 
11 
Chromophore
Chromophore
 
Figure 1: Norbornyl linkage 
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Figure 2: Methyl ester linkage 
 
 
Thus, Verhoeven and co-workers investigated singlet-singlet 
intramolecular energy transfer (SSET) in rigid systems similar to that 
shown in Figure 3.41 and Closs et al. measured the rate of triplet-triplet 
energy transfer (TTET) between chromophores linked to cyclohexanes 
and decalins (Figure 4).42  In both cases the “all trans” arrangement of 
sigma bonds in the linkers was found to have a significant enhancing 
effect on the rate of transfer, leading to the conclusion that the transfer 
mechanism is a through-bond or super-exchange process, whereby the 
anti-bonding orbitals of the linkers participate in the transfer.  Work on 
similar systems by Closs showed that through-bond energy transfer can 
be regarded as analogous to intramolecular charge transfer, i.e. combined 
electron and hole transfer. 43   
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Figure 3: Rigid bicyclic system used by Verhoeven 
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Figure 4: Cyclohexane and decalin systems investigated by Closs 
 
On the other hand, flexible linkers generally result in less efficient through-
space transfer mechanisms.  For example, methylene linked 
Zn(II)porphyrin/diprotonated porphyrin units were used for the study of 
singlet-singlet energy transfer (SSET) by Sen and Krishann (Figure 5).44  
The mechanism of energy transfer was found to be consistent with a 
through space dipole-induced dipole mechanism.  A mechanism based on 
electron-exchange, either through space or through bond, was ruled out 
due to poor orbital overlap of the covalently linked porphyrin moieties.  A 
closely related system was used by Mataga and co workers to study the 
picosecond dynamics of intramolecular energy transfer (Figure 6).45  The 
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Förster dipole-induced dipole mechanism was again found to be the mode 
of energy transfer.  
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Figure 5: Zn(II)porphyrin/diprotonated porphyrin units used for the study of 
singlet-singlet energy transfer (SSET) by Sen and Krishann 
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Figure 6: System used by Mataga and co workers to study the picosecond 
dynamics of intramolecular energy transfer 
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While it has been possible to investigate the rate, efficiencies and 
mechanisms of energy transfer in these systems, each present practical 
difficulties from the point of view of their usefulness as potential devices, 
not the least of which is the ease of synthesis.  For example,  Paddon-
Row and co-workers synthesized rigid trichromophoric norbornyl systems 
for the study of long range electron transfer which required as many as 30 
synthetic steps (Figure 7).46  In addition to the low yields to be expected 
from such lengthy syntheses, mixtures of positional and conformational 
isomers were obtained.  The latter characteristic of these syntheses is 
particularly problematic due to the sensitivity of transfer rates to positional 
isomers.  This situation is further reflected in the synthesis of 
bis(phenylethynyl)arylene-linked diporphyrins  
reported by Martensson et al (Figure 8).47   
 
 
Figure 7: Rigid trichromophoric norbornyl systems synthesized by Paddon-Row 
and co-workers for the study of long range electron transfer.  
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Figure 8:bis(phenylethynyl)arylene-linked diporphyrins synthesized by Martensson 
et al.47 
 
 
Our conception of a molecular scale device involves many chromophores 
tied together sequentially into a linear or near linear arrangement.  For this 
reason, we regard the synthesis of large molecules by long, low yield 
routes to be unsuitable for device fabrication.  
 
Another drawback, particular to the use of flexible bridges to link 
chromophores, is the lack of a predictable secondary structure.  A linear or 
near linear arrangement of chromophores can only be achieved by forcing 
at least a partially ordered structure on the molecule.  Unless the relative 
conformations of the chromophore can be maintained in such a linear 
arrangement it will not be possible to enforce controlled, unidirectional flow 
of energy.  In other words, it is desirable for a molecular device to have a 
secondary structure that prevents non-sequential energy migration, and 
promotes energy flow in a fashion similar to that which occurs in a 
standard electrical wire. 
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In contrast to such rigid and flexible organic systems, molecular scaffolds 
based on peptides provide opportunities for addressing these drawbacks.  
It is widely known that synthetic peptides are obtainable via well 
established straight-forward solid phase synthetic techniques and 
therefore, high molecular weight structures can be produced at low cost 
and in high yields.  Moreover, it has been shown that synthetic peptides 
can adopt helical structures thereby providing the desired secondary 
structure missing in typical flexible systems.  Complementing these 
advantages are straightforward synthetic routes for producing 
chromophores containing amino acids such as benzophenone, 
naphthalene and others which we believe will be useful in evaluating 
device operation.  These advantages could make peptides suitable 
polychromophoric scaffolds and therefore, potential molecular scale 
devices.48-58  
 
Our present work builds upon these previous peptide studies but with 
some important differences.  For example, charge transfer and SSET 
have been reported in bi and polychromophoric helical peptides, but TTET 
has drawn little attention.  Our conception of the operation of a molecular 
scale photonic wire or other device is based on TTET.  Therefore we have 
directed our efforts towards the synthesis and evaluation of 
polychromophoric peptides, the chromophores of which are chosen for 
their triplet state properties.  Consequently, our studies focus on TTET 
17 
and as a by-product on SSET as well.   We have synthesized several 
bichromophoric dipeptide model compounds (7-12) as well as two 
trichromophoric 15-residue peptides (13,14) and report here our results on 
the photophysics of these systems.   
18 
Energy transfer fundamentals 
 
The probability of energy transfer can be described by the Fermi golden 
rule (equation1). 
 
Probability (D*A → DA*) = (2π/h)H2ρ                                  (1) 
 
Where D*  is an excited state donor and A  is a ground state acceptor.  
Here, the Hamiltonian operator, H, describes the specific type of system 
perturbation occurring between the initial, D*A, and final, DA*, states and 
ρ is the density of the final states at the energy of the initial state.  There 
are two mechanisms by which energy transfer can occur.  Thus, H can be 
segregated into two distinct perturbations, the Coulombic interaction and 
the exchange interaction.  
 
The Coulombic Interaction 
 
The Coulombic mechanism takes the form of an electrostatic interaction, 
via an electromagnetic field between the donor and acceptor.  The donor 
and acceptor can be viewed as dipoles.  Oscillation of the  excited state 
donor dipole in turn induces oscillations in the acceptor’s dipole i.e., a 
dipole-induced dipole effect.  In the energy transfer process, the two 
transitions occur simultaneously and energy is lost by the donor and 
energy is gained by the acceptor in a resonant fashion, i.e. D*A → DA*. 
19 
 
In a simplistic analogy, this mechanism can be viewed much like the 
interaction of a tuning fork with a key on a piano.  The tuning fork is placed 
in an “excited state” at a particular frequency.  If this “excited state” 
frequency matches a particular resonate frequency of a key on the piano, 
then energy will be transferred and the note will sound. Since interaction 
of the excited state by this mechanism is via the electromagnetic field, it 
does not require physical contact of the donor and acceptor and therefore 
is operational over fairly large (on a molecular scale) distances.  
 
From this concept of a dipole-induced dipole mechanism, Förster showed 
the following dependence of the rate of transfer, (equation 2), 
 
kET = kD(R0/R)6                               (2) 
 
where, kET is the rate of the energy transfer (ET), kD is the decay rate of 
the donor, R is the distance between the donor and acceptor and R0 is 
what is known as the critical transfer distance.  This is the distance at 
which the rate of energy transfer equals the rate of all other decay 
pathways intrinsic to the donor , (at this distance there will be a 50% 
transfer of energy to the acceptor). 
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R0 is related to the spectral overlap of the donor emission with the ground
state absorption of the acceptor and is quantified by the spectral overlap
integral, J,  (equation3).
J =
Df ÷ v ( )0
¥
ò
A ÷ v ( ) ÷ v - 4d÷ v                      (3)
Here, f D , is the spectral distribution of the donor emission and A, is the
molar absorption of the acceptor both in wavenumbers.  R0 is related to J
via equation 4.
J
N
R D
A45
2
6
0 128
10ln9000 F
=
                       (4)
In this expression, F D is the quantum yield of donor emission, k is the
relative orientation of the donor and acceptor transition dipoles, and in the
case of randomly oriented donor and acceptor is assigned a value of 2/3,
h is the refractive index of the solvent, NA is Avogadro’s number and J is
the spectral overlap integral.
We can interpret these equations in the following way. Energy transfer via
the dipole-induced dipole mechanism primarily depends on the magnitude
of the spectral overlap integral.  Hence, SSET is the only process that is
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viable by the dipole mechanism.  Since the oscillator strength and
therefore the molar absorbtivity of S ® T transitions is normally quite small,
the magnitude of the overlap integral is usually vanishingly small, making
TTET by this mechanism inefficient.
The Exchange Interaction
The exchange interaction occurs as a result of the overlap of the wave
functions, or orbitals, of the donor and the acceptor.  The transfer process
has been described as electron tunneling where one electron moves from
the excited donor LUMO to the acceptor LUMO while simultaneously an
electron moves from the acceptor HOMO to the donor HOMO.
The rate of this transfer has been shown by Dexter to obey the following
expression, equation 5:
  
kET (exchange) =
2
h
KJ (e
- 2R
L)                 (5)
where the constants K and L provide information on the ease of electron
tunneling between the donor and acceptor, and as such are not directly
related to experimentally measured quantities.  The spectral overlap
integral J, is calculated from normalized emission and absorption spectra
22 
and therefore is independent of the magnitude of, εΑ.  Therefore both 
TTET and SSET can occur efficiently by this mechanism. 
 
The distance dependence of the efficiency of exchange transfer differs 
from that of the dipole mechanism.  In the latter there is a R-6 dependence 
whereas exchange efficiency drops off exponentially making it a shorter 
range interaction (10 – 15 Å). 
23 
Experimental 
General methods 
 
Proton nuclear magnetic resonance (1H NMR) spectra were obtained on a 
Bruker AVANCE 400 (400 MHz) NMR spectrometer.  Chemical shifts are 
reported in ppm (δ) relative to internal tetramethylsilane (TMS) at 0.00 
ppm.  Carbon nuclear magnetic resonance (13C NMR) spectra were 
recorded at 100 MHz on the spectrometer mentioned above. 
 
Analytical thin layer chromatography was performed using precoated silica 
gel plates (Whatman 200 µm KCF18 silica gel 60A reverse phase plates 
or Whatman 250 µm thickness KF6F silica gel 60A normal phase plates), 
which were illuminated by a UV lamp.  Flash chromatography was 
performed on Mallinckrodt Baker 40 µm 60A silica gel under positive air or 
N2 pressure.  Preparative thin layer chromatography was performed using 
precoated silica gel plates (1000 µm Whatman K6F silica gel 60A).  
Melting points were obtained on a Thomas-Hoover capillary melting point 
apparatus and are uncorrected.  
 
Materials 
 
All solvents in spectroscopic and laser studies, including acetonitrile, 
methanol and ethanol were Aldrich spectrophotometric grade and were 
used as received without further purification. 
24 
The Chiro-CLEC-BL Subtilisin protease was purchased from Altus 
Biologics Inc. N-Boc-3-(2-Naphthyl)-L-alanine, N-Boc-3-(2-biphenyl)-L-
alanine and N-Boc-(4’-benzoyl)-L-phenylalanine were purchased from 
both NovaBioChem and Advanced ChemTech and used as received. All 
chemical reagents used in the syntheses were from Aldrich (98-99+%) 
and were used as received. 
 
Syntheses 
 
Synthesis of N-fluorenylmethoxycarbonyl-3-(2-fluorenyl-L-alanine): 
(See: Ferguson, D.F. M.S. Thesis, 2000, May 2, Worcester Polytechnic 
Institute, Dept. of Chemistry and Biochemistry.) 
 
2-Fluorenylmethanol (FlOH); Fluorenyl-2-carboxaldehyde (3.0 g, 15.4 
mmol) was added to 75 mL of MeOH and heated until the solid dissolved.  
The solution was allowed to return to room temperature; then 0.25 g (0.4 
eq) of NaBH4 was added.  The mixture was stirred at 25 oC for 20 min.  
Cold H2O (15 mL) was added.  The mixture was heated to reflux for 30 
min. then allowed to return to room temperature.  The mixture was poured 
into 100 mL of cold H2O and extracted (3 x 20mL) with CH2Cl2.  The 
combined organic extracts were washed (2 x 20mL) with sat. NaHCO3, 
dried over anhydrous Na2SO4 and the solvent removed in vacuo to give 
2.98 g (98 %) of a white solid, mp 142-143 oC:  TLC Rf  =  0.25 (CH2Cl2, 
normal phase). 
25 
 
2-Fluorenylmethyl bromide (FlBr);  Phosphorus tribromide (4.5 mL) was 
added to a solution of FIOH (2.98 g, 15.1 mmol) and 30 mL of dry 
benzene.   The mixture was left, without stirring, for 24 h at 25 oC.  The 
solution was slowly poured into a 60/40 mixture (250 mL) of Et2O/H2O.  
The organic phase was extracted with H2O (3 x 40 mL), dried over 
anhydrous Na2SO4, and solvent removed in vacuo to give 3.86 g (98%) of 
a white solid, mp 92-93 oC:  TLC Rf  = 0.50 (10:1 CH2Cl2-MeOH, normal 
phase). 
 
Diethyl (fluorenylmethyl)-2-acetamidomalonate (FlAAM); Diethyl 
acetamidomalonate (3.21 g 14.8 mmol) and NaH (0.39 g, 1.1 equation) 
were placed in a dry, N2 purged flask.  The flask was cooled to 0 oC and 
45 mL of dry THF were slowly added while the mixture was stirred 
magnetically.  Absolute EtOH (0.42 mL, 0.5 equation) was added and the 
mixture was allowed to return to room temperature.  A solution of FlBr 
(3.86 g, 14.8 mmol) (dissolved in dry THF, 42 mL), was added to the flask 
and the mixture was refluxed for 18h.  The solvent was removed in vacuo 
to give a light brown solid (5.86 g, 100%), mp 144-145 oC: TLC Rf  = 0.35 
(4:1 MeOH-H2O, normal phase). 
 
N-Acetyl-3-(2-fluorenyl)-D,L-alanine (AcFla); A mixture of FlAAM (5.86 
g, 14.8 mmol) and 10% aqueous NaOH  (22.4 mL, 4 equation) was 
26 
combined in a flask and heated to reflux 4 h.  HCl (3 M, 18.7 mL, 4 eq) 
was added, and the mixture was heated to reflux an additional 2 h.  The 
mixture was allowed to cool; the pH was adjusted to 4, and the solution 
extracted with EtOAc (3 x 150 mL).  The organic extracts were combined 
and extracted with 0.2 M aqueous NaOH (3 x 75 mL).  The pH of the 
combined aqueous extracts was adjusted to 4 and the mixture extracted 
with EtOAc (3 x 150 mL).  The three EtOAc extracts were combined and 
dried over anhydrous Na2SO4, and the solvent removed in vacuo to give 
3.75 g (86 %) of a white solid, mp 223-226 oC:  TLC Rf  = 0.75 (4:1 MeOH-
H2O, reverse phase); 1H NMR (DMSO-d6):  δ 1.75 (s, 3H, CH3), 2.84-3.09 
(two dd, 2H, CH2, J = 4.9 Hz, 4.9 Hz), 3.84 (s, 2H, CH2), 4.4 (m, 1H, CH), 
7.20-7.83 (m, 7H, Ar).   
 
N-Acetyl-3-(2-fluorenyl)-D,L-alanine methyl ester (AcFlaMe); Absolute 
methanol (75 mL) and AcFla (3.75 g, 12.7 mmol) were combined in a dry, 
N2 purged flask and  BF3OEt2 (3.79 g, 3.38mL, 2.1eq) was slowly added.  
The mixture was heated to reflux for 1h.  The solvent was removed under 
reduced pressure and the solid product was partitioned between EtOAc 
(200mL) and H2O (200 mL).  The organic phase was washed with 5% 
NaHCO3, H2O and sat. NH4Cl and dried over Na2SO4.   The solvent was 
removed in vacuo to give 3.74 g (95%) of a pale yellow solid, mp 154-156 
oC:  TLC Rf  =  0.30 (4:1 MeOH-H2O, reverse phase);   1H NMR (DMSO-
d6):  δ 1.76 (s, 3H, CH3), 2.87-3.06 (two dd, 2H, CH2, J = 5.6 Hz, 5.6 Hz), 
27 
3.56 (s, 3H, CH3), 3.84 (s, 2H, CH2),  4.4 (m, 1H, CH), 7.18-7.83 (m, 7H, 
Ar); 13C-NMR (CDCl3):  δ 23.46 (NCH), 37.22 (CH2), 38.37 (CH2), 52.83 
(CH3), 53.84 (CH3), 120.23, 120.31, 125.45, 126.28, 127.16, 127.20, 
128.21, 134.58, 141.26, 141.66, 143.53, 144.13, 170.64 (CO), 172.49 
(CO); 13C-NMR (CDCl3 DEPT): δ 23.46 (NCH), 37.22 (CH2), 38.37 (CH2), 
52.83(CH3), 53.84 (-OCH3), 120.23 (CH), 120.31 (CH), 125.45 (CH), 
126.28 (CH), 127.16 (CH), 127.20 (CH), 128.21 (CH). 
 
N-acetyl-3-(2-fluorenyl)-L-alanine hydrochloride (L-AcFla);  A solution 
of AcFlaMe (3.74 g, 12.1 mmol) in acetone (120 mL) was combined with 
phosphate buffer (120 mL, 0.2 M pH 7.8).  Protease enzyme (55 mg, 
CLEC-BL, crystallized Subtilisin Carlsberg Type VIII) was added.  The 
mixture was agitated on an orbital shaker at 200 rpm at 37 oC for 24 h.  To 
monitor reaction progress, a small aliquot was removed and the acetone 
evaporated under reduced pressure.  The pH of the aqueous residue was 
reduced to 3 and extracted with EtOAc.  The organic phase was dried 
over sodium sulfate and the solvent removed in vacuo.  The NMR 
spectrum of the dry product was analyzed to determine the ratio of the 
methyl CH3 and the fluorenyl CH2 peak areas. When the ratio reached 3:4, 
all the L-isomer had been hydrolyzed.  The remaining solution was 
centrifuged to recover the CLEC-BL protease.  The solid CLEC-BL was 
washed twice with acetone and dried in vacuo.  
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The supernatant contained the hydrolysis product, L-AcFla, and the 
unreacted N-acetyl-3-(2-fluorenyl)-D-alanine methyl ester ( D-AcFlaMe).  
To recover and separate the two products, the acetone in the supernatant 
was removed under reduced pressure. The pH was adjusted to 3 with 1 M 
HCl and the products were extracted with EtOAc (3 x 75 mL).  The organic 
phase was then extracted with 0.2 N NaOH (3 x 50 mL).  The organic 
phase was dried over Na2SO4 and solvent removed in vacuo to give 1.83 
g (98%) of a light yellow solid, mp 154-156 oC:  TLC Rf  = 0.30 (4:1 MeOH-
H2O, reverse phase); 1H NMR (DMSO-d6):  δ 1.76 (s, 3H, CH3), 2.87-3.06 
(two dd, 2H, CH2, J = 4.4Hz, 9.2 Hz), 3.56 (s, 3H, CH3), 3.84 (s, 2H, CH2), 
4.4 (m, 1H, CH), 7.18-7.83 (m, 7H, Ar).   
 
 The basic aqueous phase was adjusted to pH 4 with HCl (3 M) and 
extracted with EtOAc (3 x 75 mL).  The EtOAc extracts were dried over 
Na2SO4 and the solvent removed in vacuo to give 1.61 g (90%) of a pale 
yellow solid, mp 223-226 oC:  TLC Rf  = 0.80 (4:1 MeOH-H2O, reverse 
phase); 1H NMR (DMSO-d6):  δ 1.75 (s, 3H, CH3), 2.84-3.09 (two dd, 2H, 
CH2, J = 4.9 Hz, 4.9 Hz), 3.84 (s, 2H, CH2), 4.4 (m, 1H, CH), 7.20-7.83 (m, 
7H, Ar), 12.66 (s, 1H, COOH).   
 
3-(2-Fluorenyl)-L-alanine hydrochloride (FlaHCl)29  A mixture of L-
AcFla (1.61 g, 5.5 mmol) and 6 M HCl (60 mL) was heated to reflux for 18 
h.  The HCl was removed under reduced pressure and the product dried in 
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vacuo to give 1.56 g (99%) of a white solid, mp 262-266 oC:  TLC Rf  = 
0.35 (4:1 MeOH-H2O, reverse phase); 1H NMR (DMSO-d6):  δ 3.19 (d, 2H, 
CH2, J = 4 Hz), 3.86 (s, 2H, CH2), 4.16 (m, 1H, CH), 7.25-7.86 (m, 7H, Ar) 
13.85 (s, 1H, COOH).   
 
N-Fluorenylmethoxycarbonyl(Fmoc)-3-(2-fluorenyl)-L-alanine (Fmoc-
Fla)  A solution of FlaHCL (1.56 g, 5.39 mmol) in dioxane (100 mL) and  
10% aq Na2CO3 (200 mL) was cooled to 0 oC and 9-
fluorenylmethoxychloroformate (5.64 g, 4 eq, dissolved in 15 mL of 
dioxane) was added very slowly.  The mixture was stirred 4 h at 0 oC and 
18 h at 25 oC.  The reaction mixture was poured into 500 mL of H2O and 
refrigerated 4 h.  The solid product was filtered and washed, first with 
Na2CO3/10% dioxane solution (pH 11 aq), then H2O. The aq. phase was 
adjusted to pH 2 with 6 M HCl and the solution refrigerated 18 h.  The 
precipitate, which was unreacted Fla, was recovered by extraction with 
EtOAc (2 x 50 mL).  
 
The solid from the first filtration was   dried in vacuo and then triturated 
with Et2O.  The suspension was centrifuged for 5 min at 4000 rpm, and the 
Et2O was decanted.  The solid product was washed with Et2O (2 x 30 mL) 
and again centrifuged after each washing. The Et2O wash removed the 
excess Fmoc reagent as 9-fluorenylmethanol.  TLC (4:1 MeOH-H2O, 
reverse phase) was used to track the removal of the 9-fluorenylmethanol.  
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The dried product was partitioned between 1.5 M HCl (25 mL) and EtOAc 
(75 mL).  The organic phase was washed with sat. NaCl, dried over 
Na2SO4 and the solvent was removed in vacuo to give 2.07 g (81%) of a 
white solid, mp 190-200  oC:  TLC Rf  =  0.40 (4:1 MeOH-H2O, reverse 
phase);   1H NMR (DMSO-d6):  δ 2.86-3.11 (2dd, 2H, CH2, J = 4.7 Hz, 4.9 
Hz), 3.72 (s, 2H, CH2), 4.08 (m, 1H, CH), 4.15 (t, 1H, CH, Fmoc), 4.26 (m, 
1H, NH), 4.06-4.19 (dt, 2H, CH2), 7.08-7.85 (m, 15H, Ar).   
 
Preparation of precursors for peptide synthesis and dipeptides:  
 
3-(2-Fluorenyl)-L-alanine methyl ester (Fla)  A solution of FlaHCL 
(0.212 g 0.73 mmol) in MeOH (5.1 ml) was placed in a dry, N2-purged 
flask.  BF3OEt2 (195 µL, 2.1 eq) was added and the solution was heated to 
reflux for 2 h at 80 oC.  The solvent was removed under reduced pressure 
to form a brown oil.  NaHCO3 (5%, 30 ml) was added to the flask.  A white 
precipitate formed, which was isolated by filtration, washed with H2O and 
dried in vacuo to give 0.172 g (88%) of a white solid, m.p.109-110.5oC:  
TLC Rf  = 0.70 (4:1 MeOH-H2O reverse phase); 1H NMR (400MHz, 
DMSO-d6) δ 1.84 (s, 2H, NH2), 2.80-2.93 (2dd, 2H, CH2, J = 6.1 Hz, 6.2 
Hz), 3.55 (s, 3H, -OCH3), 3.6 (m, 1H, CH), 3.84 (s, 2H, CH2), 7.13-7.82 
(m, 7H, Ar);  13C-NMR (DMSO-d6):  δ 36.6 (CH2), 41.29 (CH2), 51.7 
(COOCH3), 56.3 (CH), 120.00, 120.13, 125.46, 126.36, 126.84, 127.06, 
128.17, 137.07, 139.71, 141.37, 143.24, 143.34, 175.83 (CO); 13C-NMR 
(DMSO-d6 DEPT):  δ 36.6 (CH2), 41.28 (CH2), 51.7 (CH3), 56.3 (CH) 
31 
120.00 (CH), 120.13 (CH), 125.46 (CH), 126.36 (CH), 126.85 (CH), 
127.06 (CH), 128.17 (CH). 
 
N-Butoxycarbonyl(Boc)-3-(2-naphthyl)-L-N-alanyl-3-(2-fluorenyl)-L-
alanine methyl ester ( FN)  A suspension of Fla (0.114 g, 0.426 mmol) in 
CHCl3 (1.7 mL) in a dry, N2 purged flask was cooled to 0 oC.  Dry Et3N 
(0.33 mL, 2.13 mmol), 1-hydroxy-1H-benzotriazole (0.077 g, 0.51 mmol), a 
solution of N-Boc-3-(2-naphthyl)-L-alanine (0.149 g, 0.469 mmol) in CHCl3 
(1.9 mL), and 1-[3-dimethylamino)propyl]-3-ethylcarbodiimide 
hydrochloride (0.109 g, 0.51 mmol) were successively added to the initial 
suspension under continuous N2 flow.  The mixture was allowed to reach 
room temperature, and stirred for 18 h.  TLC (24:1 CH2Cl2-MeOH, normal 
phase) indicated incomplete reaction.  TLC showed that the reaction had 
gone to completion after an additional 30 h.  The solution was then diluted 
with CHCl3 (50 ml) and washed with 6 M HCl, sat. aq NaHCO3, and brine.  
The organic phase was dried over Na2SO4, and the solvent removed in 
vacuo to give 0.232 g (96%) of a white solid.  The crude product (FN) was 
purified by flash chromatography (260:1 CH2Cl2-MeOH, normal phase) to 
give 0.195 g (81%). mp  172-173 oC:  1H-NMR (CDCl3):  δ 1.36 (s 9H, t-
Bu), 3.08-3.16 (m, 4H, 2 CH2), 3.19 (d, 2H, CH2, J = 7.1 Hz), 3.55 (s, 3H, 
OCH3), 3.70 (d, 2H, CH2, J = 3.8 Hz), 4.42 (m, 1H, CH), 4.79 (m, 1H, CH), 
7.26-7.65 (m, 14H, Ar).  13C-NMR (CDCl3 DEPT):  δ 28.57 (t-Bu), 37.06 
(CH2), 38.47 (CH2), 38.97 (CH2), 52.61 (CH3), 53.84 (CH), 55.68 (CH), 
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120.19 (CH), 125.39 (CH), 126.16 (CH), 126.24 (CH), 127.06 (CH), 
127.12 (CH), 127.96 (CH), 128.04 (CH), 128.54 (CH).   
 
N-Boc-3[(4’-benzoyl)-phenyl]-L-alanyl-N-3-(2-fluorenyl)-L-alanine 
methyl ester (FBZ)  A suspension of Fla (0.191 g, 0.72 mmol) in CHCl3 
(3.0 mL) in a dry, N2 purged flask was cooled to 0 oC.   Dry Et3N (0.50 mL, 
3.6 mmol), 1-hydroxy-1H-benzotriazole (0.117 g, 0.86 mmol), a solution of 
N-Boc-3-[(4’-benzoyl)-pheny]-L-alanine (0.266 g, .72 0 mmol) in CHCl3 
(2.9 mL), and 1-[3-dimethylamino)propyl]-3-ethylcarbodiimide 
hydrochloride (0.166 g, 0.86 mmol) were successively added to the initial 
solution under continuous N2 flow.  The mixture was allowed to reach 
room temperature, and stirred for 18 h.  The reaction was monitored with 
TLC (24:1 CH2Cl2-MeOH, normal phase).  The solution was then diluted 
with CHCl3 (100 mL), and washed with 6 M HCl, sat. aq NaHCO3, and 
brine.  The organic phase was dried over Na2SO4, and the solvent 
removed in vacuo to give 0.359 g (81%) of a white solid.  The crude 
product was purified through flash chromatography on silica gel (260:1 
CH2Cl2-MeOH) to give 0.0982 g (22%) of a white solid, mp 166-167.5 oC.  
1H-NMR (CDCl3):  δ 1.36 (s. 9H, t-Bu), 3.06-3.16 (m, 4H, 2 CH2), 3.66 (s, 
3H, OCH3), 3.80 (s, 2H, CH2), 4.82 (dd, 1H, CH, J = 6.0 Hz, 6.1 Hz), 5.11 
(d, 1H, CH, J = 7.5 Hz), 7.01 (d, 1H, Ar, J = 7.8 Hz), 7.20-7.75 (m, 16H, 
Ar).  13C-NMR (CDCl3):  δ 28.63 (t-Bu), 36.76 (CH2), 38.10 (CH2), 38.28 
(CH2), 52.36 (CH3), 53.91 (CH) 55.42 (CH), 120.23, 120.31, 125.44, 
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126.35, 127.14, 127.18, 128.21, 128.68, 129.74, 130.39, 130.84, 132.81, 
134.49, 136.63, 137.99, 141.25, 141.68, 142.06, 143.55, 144.09, 155.69 
(CO), 170.97 (CO), 171.93 (t-BuOCO), 196.73 (Ph-CO-Ph); 13C-NMR 
(CDCl3 DEPT):  δ 28.20 (CH3), 36.76 (CH2), 38.10 (CH2), 38.28 (CH2), 
52.36 (CH3), 53.75 (CH) 55.42 (CH), 119.79 (CH), 119.87 (CH), 125.00 
(CH), 125.92 (CH), 126.70 (CH), 127.77 (CH), 128.25 (CH), 129.30 (CH), 
129.96 (CH), 130.41(CH) , 132.38 (CH). 
 
Synthesis of 9-phenanthyl-L-alanine methyl ester;  (PM)  
The synthesis of  PM followed the same general procedure as 3-(2-
Fluorenyl)-L-alanine methyl ester (Fla).  Overall yield 69% of white 
solid, m.p. 153-156 oC 1H NMR (400MHz, CDCl3) δ 1.84 (s, 2H, NH2), 
2.80-2.93 (2dd, 2H, CH2, J = 6.1 Hz, 6.2 Hz), 3.55 (s, 3H, -OCH3), 3.6 (m, 
1H, CH), 3.84 (s, 2H, CH2), 7.13-7.82 (m, 7H, Ar);  13C-NMR (CDCl3):  δ 
38.69 (CH2), 52.2 (COOCH3), 54.0 (CH), 122.49, 123.29, 12.14, 126.49, 
126.54, 126.72, 126.93, 128.19, 130.09, 130.67, 130.9, 131.03, 131.42, 
132.42, 155.04 (CO), 175.83 (CO); 
 
Synthesis of dipeptides PBI, BIN, PBZ and BB 
The synthesis of PBI, BIN, PBZ and BB followed the same general 
procedure as FN. 
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N-Boc-3[(4’-benzoyl)-phenyl]-L-alanyl-N-3-(9-phenanthyl)-L-alanine 
methyl ester (PBZ) white solid, mp 173-176 oC.  1H-NMR (CDCl3):  δ 1.37 
(s. 9H, t-Bu), 3.06-3.16 (m, 4H, 2 CH2), 3.56 (s, 3H, OCH3), 4.82 (dd, 1H, 
CH, J = 6.0 Hz, 6.1 Hz), 5.11 (d, 1H, CH, J = 7.5 Hz), 7.10 (d, 2H, Ar) 
7.20-7.75 (m, 14H, Ar), 7.81 (d, 1H, Ar), 8.63-8.74 (dd, 1H, Ar).  13C-NMR 
(CDCl3):  δ 28.18 (t-Bu), 35.94 (CH2), 38.10 (CH2), 52.36 (CH3) 52.95 
(CH), 55.2 (CH) 122.51, 123.39, 124.07, 126.61, 126.7, 126.85, 126.94, 
128.19, 128.27, 129.24, 129.98, 130.08, 130.37, 130.45, 130.7, 131.29, 
132.39,  170.51 (CO), 171.75 (t-BuOCO); 
N-Boc-3[(4’-biphenyl]-L-alanyl-N-3-(9-phenanthyl)-L-alanine methyl  
ester (PBI) white solid, mp 214-217 oC.  1H-NMR (CDCl3):  δ1.36 (s. 9H, t-
Bu), 3.03-3.14 (m, 4H, 2 CH2), 3.50 (s, 3H, OCH3), 4.91 (dd, 1H, CH, J = 
5.8 Hz, 6.1 Hz), 4.98 (d, 1H, CH, J = 7.32 Hz), 7.26-7.65 (m, 16H, Ar), 
7.81 (d, 1H, Ar), 8.63-8.74 (dd, 1H, Ar).  13C-NMR (CDCl3):  δ 28.18 (t-Bu), 
35.96 (CH2), 37.5 (CH2), 52.26 (CH3), 52.99 (CH) 55.1 (CH), 122.5, 123.3, 
124.12, 126.57, 126.64, 126.79, 126.97, 127.31, 128.14, 128.17, 128.76, 
129.76, 130.07, 130.43, 130.87, 131.3, 153.0 (CO), 170.85 (CO), 171.72 
(t-BuOCO); 
 
N-Boc-3[(2-biphenyl]-L-alanyl-N-3-[(4’-benzoyl)-phenyl]-L-alanine 
methyl ester (BB) white solid, mp 170-172 oC.  1H-NMR (CDCl3):  δ 1.37 
(s. 9H, t-Bu), 3.1-3.17 (m, 4H, 2 CH2), 3.71 (s, 3H, OCH3), 3.80 (s, 2H, 
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CH2), 4.80 (dd, 1H, CH, J = 5.8 Hz, 6.1 Hz), 5.11 (d, 1H, CH, J = 7.3 Hz), 
7.09 (d, 1H, Ar, J = 7.8 Hz), 7.26-7.78 (m, 16H, Ar).  13C-NMR (CDCl3):  δ 
28.22 (t-Bu), 37.54 (CH2), 38.27 (CH2), 38.3 (CH2), 52.46 (CH3), 53.23 
(CH) 55.47 (CH), 126.97, 127.27, 127.31, 128.28, 128.77, 129.31, 129.67, 
129.98, 130.48, 132.41, 134.55, 136.29, 137.55, 140.03, 140.53, 141.50, 
155.2 (CO), 170.43 (CO), 171.36 (t-BuOCO); 
 
N-Boc-3(2-napthyl)- L-N-alanyl-N-3-(2-biphenyl) -L-alanine methyl 
ester (BIN) white solid, mp 280 oC dec.  1H-NMR (CDCl3):  δ 1.40 (s. 9H, 
t-Bu), 3.00-3.20 (m, 4H, 2 CH2), 3.55 (s, 3H, OCH3), 4.82 (dd, 1H, CH, J = 
6.0 Hz, 6.1 Hz), 5.11 (d, 1H, CH, J = 7.5 Hz), 6.95 (d, 1H, Ar, J = 7.8 Hz), 
7.30-7.8 (m, 15H, Ar).  13C-NMR (CDCl3):  δ 28.18 (t-Bu), 35.96 (CH2), 
37.5 (CH2), 52.26 (CH3), 52.99 (CH) 55.1 (CH), 122.5, 123.3, 124.12, 
126.57, 126.64, 126.79, 126.97, 127.31, 128.14, 128.17, 128.76, 129.76, 
130.07, 130.43, 130.87, 131.3, 153.0 (CO), 170.85 (CO), 171.72 (t-
BuOCO); 
 
Synthesis of Ala-Aibn-Ala-naphthylAla-Ala-Abin-Ala-biphenylala-Ala-
Abin-Ala-benzophenonylAla-Ala-Abin-Ala 
The same general procedure as found in Ref. 105 was followed. 
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Synthesis of (leu)3-benzophenonylAla-(leu)3-biphenylAla-(leu)3-
naphthylAla-(leu)3 
The peptide was synthesized manually via solid phase peptide synthesis 
on a 150 µm scale.  Preloaded fmoc-L-leucine Wang resin (.5eq/g) was 
used.  The resin was swelled for 1 hour before first deprotection and 
coupling in 30 ml of DMF.  In general, fmoc-L-amino acids (5 equation to 
resin loading) were used throughout with PyBOP/HOBT (5equation to 
resin loading) and diisopropylethyl amine (10 equation) in 30 ml DMF.  
Double couplings were used for all amino acids.  Couplings were run for 4 
hours.  Couplings using chromophoric-L-amino acids were run for 6 hours 
washed and then coupled again for 18 hrs if need based on the Kaiser 
test.  Fmoc deprotection was achieved by using 20% piperidine for 9 min.  
Washing with DMF (3 times at 20 ml), MeOH (3 times at 20 ml) and DMF 
(3 times at 20 ml) was done between each coupling and deprotection.  
After the final deprotection and standard washings the resin was washed 
once more with MeOH (3 times at 20 ml) and dried overnight in vacuo.  
Cleavage of the assembled peptide from the resin was performed with 
95% trifluoroacetic acid, 2.5% H2O and 2.5% triisopropylsilane at 10 ml 
total for 3 hours.  The peptide was precipitated and washed using 0 °C 
diethyl ether.   
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Laser Flash Photolysis 
 
Apparatus 
The laser flash photolysis system employed in our lab is shown in Figure 
3.  In general, the system includes a sample cell, laser system, monitoring 
source, optical train, detector, and a data I/O system (digitizer/computer). 
 
Sample Cell 
Sample cells were 3 mL quartz tubes.  Solutions were prepared at 
concentrations to yield ground state absorbances in the range of .40 - .80 
at the excitation wavelength.  Samples were out-gassed for at least 15 
min. with dry nitrogen when required.  Unless noted, a flow system was 
used.   
 
For the flow system, 100 ml samples were prepared and placed into a 125 
ml reservoir for at least 1 hour of out-gassing with dry nitrogen.  The 
sample was caused to flow through the quartz cell via an Easy-load 
MasterFlex Model 7518-00 peristaltic pump.  The flow rate was adjusted 
such that a fresh volume of sample was exposed to each laser pulse. 
 
Laser system 
2 types of excitation laser sources were used.  The first source was a 308 
nm Lumonics EX 510 XeCl excimer laser operating at ~25 mJ/pulse and 8 
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ns/pulse.  The second source was a Continuum Nd-YAG laser with triple 
(355 nm) and quadruple (266 nm) harmonics operating at 25 mJ/pulse 
and 5ns/pulse. 
 
Monitoring source 
The monitoring lamp was a 150 W ORIEL Xenon Arc lamp generating a 
continuum from 200 to the IR and operated in pulsed mode.  A lamp 
pulser triggers the lamp power supply which increases the current from 6 
to 30 amps for a duration of 4 ns.  This monitoring beam is focused, along 
the optical train into the sample cell holder, through a 2 mm pinhole. 
 
Optical train 
Shutters were used along the excitation and monitoring pathways to 
protect the sample from unnecessary photolysis.  Lenses were used to 
concentrate the excitation source and monitoring source into the sample 
holder as well as the transmission of the monitoring light to the 
monochromator.  Cutoff filters were employed to eliminate second order 
effects. 
Detector 
The detector was a 27.5 cm focal length monochromator from Acton 
Research Corp.  It employed a wavelength-neutral holographic grating 
with 1200 groves/mm or a conventional grating blazed at 750 mm with 
1200 groves/mm.  A Burle 4840 photomultiplier tube was located at the 
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monochromator exit slit.  It was wired in a six-dynode chain for fast 
response and to prevent saturation at high intensities.  The electrical 
current amplification was controlled by adjustment of a voltage applied to 
the central dynode and was kept within the linear working range of the 
photomultiplier. 
 
Data I/O system 
A Tektronix 7912HB transient digitizer with a Tekronix 7A29P vertical 
amplifier plug-in and a Tekronix 7B90P horizontal plug-in was used to 
convert the photomultiplier output to digital form and transfer it to the 
processing computer. 
 
Raw data is obtained in the form of monitoring beam intensity (I0), in volts, 
as a function of time.  This is converted to It, intensity transmitted through 
the sample, and then to optical density (O.D.), equation 6 
 
O.D. = log(I0/It)                               (6) 
Since It may be representative of transient production as well as ground 
state depletion, O.D. is expressed as ∆O.D., equation 7. 
∆O.D. = log[(I0 - I∞)/( It - I∞)]                (7) 
 
To interface between the computer and the rest of the system, a 
Sciemetric Labmate Intelligent Lab Interface was used.  The triggering of 
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the monitoring lamp pulser, baseline compensator, digitizer and lasers 
was controlled by a DG535 Stanford Research System digital delay pulse 
generator. 
 
A typical experimental sequence is as follows.  Initially, both the laser 
shutter and the monitoring lamp shutter are opened allowing the 
monitoring lamp light to pass through.  The lamp pulser then fires the lamp 
power supply transmitting the light through the sample cell to the 
monochromator and the photomultiplier (PM) producing an electrical 
signal.  This signal is transferred to the backoff unit that stores the I0 value.  
The digitizer is then triggered to start data collection from the PM, (time 
scale for data collection ranged from 5 to 50 µs).  The laser is then fired to 
produce transient species within the sample cell thereby changing the 
intensity of monitoring light.  The data is then transferred to the computer 
for analysis. 
 
For each sampling, 5 - 10 laser pulses are averaged together to increase 
the signal-to-noise ratio.  Additionally, a fluorescence correction is also 
used to compensate for laser induced fluorescence.  This is accomplished 
by firing the laser with no lamp output and subtracting the resulting trace 
from the data profile. 
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Kinetic decay or growth data is analyzed for first or second order behavior. 
at the individual wavelengths of the observed transients 
 
Absorption spectra are obtained as ∆O.D. values vs. wavelength as a 
function of time after the laser pulse. 
 
UV-Visible Spectroscopy 
 
Ground state absorption spectra were measured in a quartz cell (1cm x 
1cm) with a Shimadzu UV 2100 Spectrophotometer.  Samples were 
measured in single beam mode compared with a blank obtain with pure 
solvent. Extinction coefficients were calculated by Beer’s law. 
 
Emission Spectroscopy 
 
Fluorescence spectra were obtained at room temperature in a quartz cell 
(1 cm x 1 cm) using a Perkin-Elmer LS-50 Spectrofluorimeter.  The 
absorbance of the samples was adjusted to ~0.1 at the excitation 
wavelength in order to avoid self-absorption.  The samples were out-
gassed for 15 minutes using dry nitrogen. 
 
Fluorescence quantum yields were calculated using a similar standard by 
equation 8. The optical densities of the samples were matched. 
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φx = (φstd/Astd)(Ax)                             (8) 
 
In equation 8, φx and φstd are the fluorescence quantum yields of the 
sample and standard respectively,  Ax and Astd are the  calculated spectral 
areas for the standard and sample respectively. 
 
Phosphorescence  spectra were measured at 77 oK.  in out-gassed 1:1 
MeOH:EtOH in a 2mm I.D. quartz tube, immersed in a quartz Dewer.   
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Summary of Compounds 
 
  1, PM                       2, BIM 
  3, BZM       4, FM 
 
        6, NM 
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Results 
 
Spectroscopic results for compound 8 are shown in Figures 9-12. 
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 Figure 9: Extinction coefficient plot determined for compounds 2 (BIM), 6  
                  (NM)    and 8 (BIN).  
 Figure 10: Fluorescence spectra of 2, 6 and 8 at an excitation wavelength 
of 252 nm. 
 Figure 11: Phosphorescence spectra of 2, 6, 8 and a composite of 2 
  and 6. 
Figure 12: Transient absorption spectra of 2, 6 and 8 excited at 266 nm.  
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Figure 9: Extinction coefficient plot determined for compounds 2 (BIM), 6 (NM) and 8 (BIN). 
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Figure 10: Fluorescence spectra of 2, 6 and 8 at an excitation wavelength of 252 nm. 
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Figure 11: Phosphorescence spectra of 2, 6, 8 and a composite of 2 and 6 at λex 275 nm. 
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Figure 12: Transient absorption spectra of 2, 6 and 8 excited at 266 nm. 
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The spectroscopic results for compound 10 are shown in figures 13-16. 
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Figure 13: Extinction coefficient plot determined for compounds 2 (BIM), 3 
(BZM) and 10 (BB).  
Figure 14: Fluorescence spectra of 2, 3 and 10 an excitation wavelength 
of 252 nm.  
Figure 15: Phosphorescence spectra of 2, 3, 10 and a composite of 2 and 
3 at an excitation wavelength of 285 nm. 
Figure 16: Transient absorption spectra of 2, 3 and 10 excited at 266 nm
52 
Figure 13: Extinction coefficient plot determined for compounds 2 (BIM), 3 (BZM) and 10 (BB). 
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Figure 14: Fluorescence spectra of 2, 3 and 10 at an excitation wavelength of 252 nm. 
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Figure 15: Phosphorescence spectra of 2, 3, 10 and a composite of 2 and 3 at an excitation wavelength of 
285 nm. 
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Figure 16: Transient absorption spectra of 2, 3 and 10 excited at 266 nm. 
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The spectroscopic results for compound 7 are shown in figures 17-21. 
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Figure 17: Extinction coefficient plot determined for compounds 1 (PM),  
2 (BIM) and 7 (PBI). 
Figure 18: Fluorescence spectra of 1, 2 and 7 at an excitation wavelength 
of  252 nm.  
Figure 19: Phosphorescence spectra of 1, 2 and 7 at an excitation 
wavelength of 266 nm.  
Figure 20: Phosphorescence spectra of 1, 2 and 7 at an excitation 
wavelength of 266 nm.  
Figure 21: Transient absorption spectra of 1, 2 and 7 excited at 266 nm.  
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Figure 17: Extinction coefficient plot determined for compounds 1 (PM), 2 (BIM) and 7 (PBI). 
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Figure 18: Fluorescence spectra of 1, 2 and 7 at an excitation wavelength of 252 nm. 
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Figure 19: Phosphorescence spectra of 1, 2 and 7 at an excitation wavelength of 266 nm. 
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Figure 20: Phosphorescence spectra of 1, 2 and 7 at an excitation wavelength of 266 nm. 
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Figure 21: Transient absorption spectra of 1, 2 and 7 excited at 266 nm. 
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The spectroscopic results for compound  9 are shown in figures 22-25. 
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Figure 22: Extinction coefficient plot determined for compounds 1 (PM), 3 
(BZM) and 9 (PBZ).  
Figure 23: Fluorescence spectra of 1, 3 and 9 at an excitation wavelength 
of  252 nm.  
Figure 24: Phosphorescence emission spectra of 1 and 9 excited at a     
wavelength of 266 nm.  
Figure 25: Transient absorption spectra of 1, 3 and 9 excited at 266 nm.
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Figure 22: Extinction coefficient plot determined for compounds 1 (PM), 3 (BZM) and 9 (PBZ). 
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Figure 23: Fluorescence spectra of 1, 3 and 9 at an excitation wavelength of 252 nm. 
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Figure 24: Phosphorescence emission spectra of 1 and 9 excited at a wavelength of 266 nm. 
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Figure 25: Transient absorption spectra of 1, 3 and 9 excited at 266. 
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The spectroscopic results for compound 11 are shown in figures 26-29. 
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Figure 26: Extinction coefficient plot determined for compounds 3 (BZM),  
4 (FM) and 11 (FBZ).  
Figure 27: Fluorescence spectra of 3, 4 and 11 at an excitation 
wavelength of  268 nm.  
Figure 28: Phosphorescence emission spectra of 3, 4 and 11 excited at a    
wavelength of 280 nm.  
Figure 29: Transient absorption spectra of 3, 4 and 11 excited at 266nm. 
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Figure 26: Extinction coefficient plot determined for compounds 3 (BZM), 4 (FM) and 11 (FBZ). 
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Figure 27: Fluorescence spectra of 3, 4 and 11 at an excitation wavelength of 268 nm. 
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Figure 28: Phosphorescence emission spectra of 3, 4 and 11 excited at a wavelength of 280 nm. 
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Figure 29: Transient absorption spectra of 3, 4 and 11 excited at 266nm. 
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The spectroscopic results for compound 12 are shown in figures 30-34. 
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Figure 30: Extinction coefficient plot determined for compounds 4 (FM),  
6 (NM) and 21 (FN). 
Figure 31: Fluorescence spectra of 4, 6 and 21 at an excitation 
wavelength of   268 nm.  
Figure 32: Phosphorescence emission spectra of 4, 6 and 12 excited at a  
wavelength of 280 nm.  
Figure 33: Phosphorescence emission spectra of 4, 6 and 12 excited at a 
wavelength of 280 nm.  
Figure 34: Transient absorption spectra of 4, 6 and 12 excited at 308 nm. 
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Figure 30: Extinction coefficient plot determined for compounds 4 (FM), 6 (NM) and 21 (FN). 
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Figure 31: Fluorescence spectra of 4, 6 and 21 at an excitation wavelength of 268 nm. 
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Figure 32: Phosphorescence emission spectra of 4, 6 and 12 excited at a wavelength of 280 nm. 
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Figure 33: Phosphorescence emission spectra of 4, 6 and 12 excited at a wavelength of 280 nm. 
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Figure 34: Transient absorption spectra of 4, 6 and 12 excited at 308 nm. 
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The spectroscopic results for compound 13 are shown in figures 35-37. 
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Figure 35: Fluorescence spectra of trichromophore 13 and models 2 and 6 
at an excitation wavelength of 252 nm.  
Figure 36: Fluorescence spectra of trichromophore 13 and models 2 and 6 
at an excitation wavelength of 252 nm.  
Figure 37: Phosphorescence emission spectra of 2, 3, 6 and 13. 
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Figure 35: Fluorescence spectra of trichromophore 13 and models 2 and 6 at an excitation wavelength of 
252 nm.  
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Figure 36: Fluorescence spectra of trichromophore 13 and models 2 and 6 at an excitation wavelength of 
252 nm. 
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Figure 37: Phosphorescence emission spectra of 2, 3, 6 and 13 at λex 282 nm. 
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The spectroscopic results for compound 14 are shown in figures 38-43. 
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Figure 38: Fluorescence spectra of trichromophore 14 and models 4 and 6 
at  λex 225 nm.  
Figure 39: Fluorescence spectra of trichromophore 14 and models 4 and 6 
at λex 225 nm.  
Figure 40:  Fluorescence spectra of trichromophore 14 and models 4 and 
6 at λex 266 nm   
Figure 41: Fluorescence spectra of trichromophore 14 and models 4 and 6 
at  λex 266 nm   
Figure 42: Phosphorescence emission spectra of 3, 4, 6 and 14 excited at 
a wavelength of 240 nm.  
Figure 43: Phosphorescence emission spectra of 3, 4, 6 and 14 excited at 
a wavelength of 240 nm  
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Figure 38: Fluorescence spectra of trichromophore 14 and models 4 and 6 at λex 225 nm. 
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Figure 39: Fluorescence spectra of trichromophore 14 and models 4 and 6 at λex 225 nm. 
0
10
20
30
40
50
60
280 300 320 340 360 380 400 420
wavelength (nm)
in
tn
es
ity
14, BFN 6, NM 4, FM 10% of 6 + .5% FM
 
 
85 
Figure 40:  Fluorescence spectra of trichromophore 14 and models 4 and 6 at λex 266 nm  
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Figure 41: Fluorescence spectra of trichromophore 14 and models 4 and 6 at λex 266 nm  
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Figure 42: Phosphorescence emission spectra of 3, 4, 6 and 14 excited at a wavelength of 240 nm. 
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Figure 43: Phosphorescence emission spectra of 3, 4, 6 and 14 excited at a wavelength of 240 nm 
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Discussion 
Ground State Spectroscopy 
 
Extinction coefficient plots were created for the dipeptides and the 
corresponding model compounds.  Composite spectra from the models 
were produced by addition of the model spectra ( see Figure 9, 13, 17, 22, 
26, 30).  These composite spectra show only small deviations from the 
corresponding bichromophoric dipeptide spectra, indicating that little 
electronic interaction exists between the chromophores in the ground 
state.  Therefore it is likely that excitation of the localized ground state of 
one of the chromophores initially will result in the production of an excited 
state that is localized on the same chromophore, and that the ratio of the 
extinction coefficients of any respective chromophore at any given 
excitation wavelength can be taken as an accurate representation of the 
ratio of excited states for each chromophore initially formed upon 
excitation within a given dipeptide.  It is thus possible to plot the initial 
excitation distribution for each of the chromophore moieties in each of the 
respective bi- and trichromophoric compounds.   These plots are a more 
convenient representation of initial excitation distributions.   These 
distributions are shown as follows: 
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Figure 44: Initial excitation distribution for 8 showing the percentage 
of incident light absorbed by the naphthyl moiety. 
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Figure 45:Initial excitation distribution for 10 showing the percentage 
of incident light absorbed by the biphenyl moiety. 
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Figure 46: Initial excitation distribution for 7 showing the percentage 
of incident light absorbed by the phenanthrayl moiety. 
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Figure 47: Initial excitation distribution for 9 showing the percentage 
of incident light absorbed by the phenanthrayl moiety. 
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Figure 48:Initial excitation distribution for 11 showing the percentage 
of incident light absorbed by the fluorenyl moiety. 
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Figure 49:Initial excitation distribution for 12 showing the percentage 
of incident light absorbed by the fluorenyl moiety. 
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Experimentally-determined extinction coefficient data were not obtained 
for compounds 13 and 14 due to their exceedingly low solubility in MeCN.  
This prevents comparisons of model compounds to the trichromophores 
and makes it difficult to argue that no ground state coupling exists 
between chromophores in 13 and 14.  However,  McGimpsey et al. have 
shown that similar chromophores covalently-linked to 14-residue peptides 
do not have any observable ground state interactions.59  On this basis and 
the results discussed above, it is reasonable to conclude that no ground 
state coupling is likely to occur within 13 and 14. Consequently, like the 
dipeptides, the initial excitation distribution derived from the models can be 
used and excitation distribution plots for 13 and 14 were generated from 
the individual model compound spectra. See Figure 50 and 51.  
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Figure 50:Initial excitation distribution for 13 showing the percentage 
of incident light absorbed by the benzophenone, biphenyl 
and naphthyl moieties. 
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Figure 51:Initial excitation distribution for 14 showing the percentage 
of incident light absorbed by the benzophenone, fluorenyl 
and naphthyl moieties. 
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Fluorescence Spectroscopy 
 
For Compound 8, at an excitation wavelength of 252 nm,  biphenyl 
absorbs 91% of the incident energy whereas naphthalene absorbs the 
remaining 9%.  Shown in Figure 10, the emission spectrum of the 
dipeptide corresponds primarily to that of naphthalene.   By normalizing 
the model emission spectra to the excitation distribution of the naphthyl 
moiety in the dipeptide it is observed that a small contribution (3.6%)  from 
biphenyl exists within the dipeptide spectra.   
 
Since, the singlet state energy (ES1) of biphenyl is 98.3 kcal/mole and 
naphthalene is 91.7 kcal/mole,  there is a thermodynamic driving force for 
the energy absorbed by biphenyl to be transferred to the naphthyl moiety. 
Combined with the observation of  very little biphenyl emission at λex = 
252 nm, this provides strong evidence for SSET from the biphenyl moiety 
to naphthalene.  
 
The efficiency of energy transfer, Eeff, can be calculated by the following 
equation: 
 
Eeff = 1 – EDFinal/EDInitial   (9) 
 
96 
Where EDFinal  is the final excitation distribution of the donor, i.e. 3.6% from 
biphenyl fluorescence emission data, and EDInitial is the initial excitation 
distribution of biphenyl as obtained from extinction coefficient data. 
 Based on equation 9, SSET occurs with an efficiency of 96.0%.  In 
addition, it can be reasonably concluded that energy transfer occurs 
intramolecularly due to the fact that the concentration of 8 used is too low 
(<10-5 M) and the lifetime value of the naphthyl alanine singlet state, as 
given in the literature (~66 ns)59 is too short to allow for efficient 
intermolecular quenching. 
 
The rate of SSET can be calculated by the following equation:61 
SSETs
s
Intial
Final
kk
k
ED
ED
+
=    (10) 
This equation represents the final excitation distribution (EDfinal) of the 
donor, i.e. biphenyl, in the dipeptide as a ratio to the initial excitation 
distribution of biphenyl in the absence of the acceptor.    This quantity is 
equal to the rate constant, ks (the singlet state decay rate constant), of 
biphenyl, over the sum of ks and the rate constant for SSET, kSSET.  Using 
literature singlet lifetime data for biphenyl (6.25 x 107 s-1) 60 yields kSSET = 
1.52 x109 s-1.  Data obtained for two additional excitation wavelengths 
yielded an  average kSSET = 1.28 x109 s-1. 
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By application of the same techniques used for the analysis of compound 
8, a table of  ED ratios and kSSET values was generated and is presented 
in Table 1 for each of the bichromophoric dipeptides. 
 
Compound λex (nm) EDINITIAL EDFINAL ESSET ks of donor kSSET (s-1) 
7, PBI;  
PM:BIM 
266 45:55 99.0:1.0 98.2 6.25 x 107 3.38 x 109 
 252 65:35 98.5:1.5 95.7  1.40 x 109 
 272 47:53 99.0:1.0 98.1  3.25 x 109 
PBI mean      2.68 x109 
8, BIN; 
NM:BIM 
252 9.0:91 96.4:3.6 96.0 6.25 x 107 1.52 x 109 
 266 21:79 95.7:4.3 94.6  1.08 x 109 
 280 45:55 95.2:4.8 95.2  1.24 x 109 
BIN mean      1.28 x 109 
9, PBZ; 
PM:BZM 
252 74:26 26.0:74.0 64.9 1.65 x 107 3.05 x 107 
 266 49:51 17.5:82.5 64.3  2.97 x 107 
 272 49:51 17.8:82.2 63.7  2.89 x 107 
PBZ mean      2.97 x 107 
10, BB; 
BIM:BZM 
252 61:39 4.0:96.0 93.4 6.25 x 107 8.91 x 108 
 266 55:45 6.5:93.5 88.2  4.66 x 108 
 280 45:55 7.5:92.5 83.3  3.13 x 108 
BB, mean      5.57 x 109 
11, FBZ; 
FM:BZM 
235 32:68 4.5:95.5 85.9 1.0 x108 6.09 x 108 
 260 53:47 8.8:91.2 85.8  6.04 x 108 
 295 88:12 8.0:92.0 90.9  1.00 x 109 
FBZ mean      7.38 x 108 
12, FN; 
FM:NM 
235 49:51 2.8:97.2 94.3 1.0 x108 1.65 x 109 
 260 84:16 6.0:94.0 92.7  1.27 x 109 
 295 91:9 5.0:95.0 94.5  1.72 x 109 
FN mean      1.55 x 109 
 
Table 1: Summary of SSET data for bichromophoric dipeptides 
 
 
In each dipeptide, as with compound 8, it is concluded that energy transfer 
is intramolecular since the concentration of the individual dipeptides was 
too low (<10-5M) and the lifetime literature value of the donor singlet 
states, as shown in Table 1, are too short to allow for efficient 
intermolecular quenching. 
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The rate constant for 9 (2.97 x 107 s-1) was approximately 2 orders of 
magnitude less than that of most of the other dipeptides.  There are 
several possible explanations for this difference.  First, it may be due to a 
change in electronic configuration.  It has been demonstrated previously 
that ππ*→nπ* intramolecular SSET is considerably slower, (usually about 
1 order of magnitude), than ππ*→ππ* SSET.62  However,  the SSET rate in 
the analogous system 11, is greater than 9 by more than 1 order of 
magnitude (SSET is occurring from fluorene to benzophenone rather than 
phenanthrene to benzophenone).  This suggests that there is an additional 
factor involved.(See “SSET Mechanisms: Correlation with Molecular 
Structure”) .   
 
Analysis of polychromophores that incorporate  phenanthrene provides 
further insight.  Specifically, McGimpsey et al. have investigated SSET in 
chromophores appended to flexible methylester bridges63, Figure 54.  
O
O
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Figure 52:Chromophores appended to flexible methylester bridges 
studied by McGimpsey et al 63 
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It was found that the rate constant for SSET was 4.5 x 108 s-1 
(phenanthrene → benzophenone).  In the case of this trichromophore, the 
electronic configuration argument was invoked.  However, modeling 
studies, combined with this rate constant and data from the present study 
on compounds incorporating phenanthrene suggest that there is a 
noticeable effect on rate due to interchromophore separation. 
 
Finally, it should be noted that the singlet lifetimes used for the calculation 
of  kSSET were based upon literature data. It is possible that the actual 
lifetime is considerably shorter.  In order for the calculated rate constant to 
match those of the other dipeptides, the actual lifetime would need to be 
greater than one order of magnitude shorter than the value assumed.  
 
The determination of kSSET for the trichromophoric peptides is more 
involved than in the cases of the bichromophores due to the additional 
chromophore and accompanying additional pathways of deactivation.   To 
determine the approximate kSSET between chromophores an intermediate 
ED was calculated.  To obtain this value, an equal partitioning of energy 
from the donor which occupies the highest singlet state was assumed.  
Thus, in the case of 13, we assume that the central biphenyl singlet 
transfers to the terminal chromophores with equal efficiency, (In 14 
fluorene is the central chromophore).  Furthermore, we assume that SSET 
from biphenyl (or fluorene) is rapid compared with the decay of the 
100 
terminal chromophore singlet state.  This method has been  reported 
previously in the literature.61,63   Table 2, presents the estimated kSSET 
values for 13 and 14. 
 
Compound EDInitial EDIntermediate EDFinal ESSET ks of donor kSSET (s-1) 
13, NBB 
252 nm 
5.7:57.2:37.1 32.8:3.0:64.2 4:93:3 94.8 a 
87.8 b 
6.25 x 107 
1.43 x 107 
1.1 x 109 
1.0 x 108 
14, BFN 
266 nm 
35.2:53.2:11.6 61.4:37.7:0.9 98.1:0.9:1.0 98.3 c  
97.4 d 
1.0 x 108  
1.43 x 107 
5.8 x109 
5.4 x 108 
NBB ED ratios: naphthalene:biphenyl:benzophenone 
BFN ED ratios: benzophenone:fluorene:naphthalene 
a; SSET from biphenyl to naphthalene and benzophenone 
b; SSET from naphthalene to benzophenone 
c; SSET from fluorene to naphthalene and benzophenone 
d; SSET from naphthalene to benzophenone 
Table 2: Summary of SSET for 13 and 14 
 
 
The rate constants for SSET between the chromophores in 13 and 14 are 
quite comparable to the dipeptides as well as to literature data for similar 
chromophores.  For example, compounds 8 and 10 have kSSET 1.28 x 109 
and 5.57 x 108 , respectively,  vs. 1.1 x 109 for SSET from biphenyl to 
naphthalene and benzophenone in 13. SSET from naphthalene to 
benzophenone in 13 and 14 also compares well to kSSET (1.53 x 108) for a 
naphthalene-benzophenone 14 residue peptide previously studied by our 
group.59  kSSET for the dipeptides containing fluorene (11, 12)  are also 
comparable to 14. 
 
The central to terminal SSET rate constant for 14 is more than 5 fold 
greater than that for 13.  We attribute this difference to the conformational 
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restriction introduced by the use of the leucine backbone in 14.  Modeling 
studies indicate that  the chromophores appended to the backbone of 13 
are able to access a large set of conformations some of which may not be 
favorable for energy transfer.  The leucine residues employed in 14 
confine the chromophores to a more perpendicular conformation relative 
to the peptide backbone, a conformation which should facilitate energy 
transfer.  Modeling was performed, again using HyperChem, and 
minimized using the MM+ force field  under in vacuo and in a water 
solvent system. Representative conformations are shown below in Figure 
53 and 54.   
 
 
Figure 53: MM+ minimized structure 
of compound 13 
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As shown, 13 has a greater interchromophore distance vs. 14.  The 
shorter interchromophore distance in 14 would therefore be expected to 
allow for a larger kSSET.   Average interchromophore distances are 
presented in Table 3 and show that 14 has a smaller average 
interchromophore separation. 
 
SSET Mechanisms: Correlation with Molecular Structure 
 
SSET typically occurs by either dipole-induced dipole (Förster 
mechanism) and/or electron exchange interactions (Dexter mechanism).  
The Förster mechanism is the most straightforward of the two 
mechanisms to evaluate based on the following equations where the 
energy transfer efficiency, ESSET, is as shown: 
Figure 54: MM+ minimized structure    
of compound 14 
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ESSET = (1+R6/R06)-1   (11) 
Where R is the distance between the donor and acceptor and R0 is the 
critical transfer distance. Rearranging equation 11 and substituting into 
equation 2 yields: 
kSSET = ks(ESSET-1 – 1)-1   (12) 
and: 
ESSET = 1- (fDA/fD)   (13) 
 
Here, fDA is equal to the fluorescence emission area in the presence of the 
acceptor and fD is equal to the fluorescence emission area in the absence 
of the acceptor. 
 
  A comparison of R, as derived from equation 4 and 11, to 
interchromophore separations as elucidated from modeling studies 
provides a qualitative means to evaluate the importance of Förster 
transfer.  Modeling studies were carried out and structures were 
minimized using the MM+ force field.  The comparative interchromophore 
distances (Rmodel) were obtained by averaging the edge-to-edge distances, 
Table 3.  In the case of the benzophenone moiety, the carbonyl functional 
group was taken as the point of comparison due to the fact that the singlet 
state is mainly nπ* in character, implying participation by the oxygen 
nonbonding electrons and localization of excitation at this functional group.  
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Compound R0 (Å) R (Å) Rmodel(±) (Å) 
7, PBI 16.2 8.91 9.34(1.4) 
8, BIN 14.3 8.66 8.10(1.2) 
9, PBZ 13.0 11.8 9.82(3.1) 
10, BB 13.9 9.92 6.53(2.2) 
11, FBZ 14.6 10.6 11.7(3.1) 
12, FN 15.1 9.60 10.6(2.9) 
13, NBB     BZM-BIM 13.9 8.60 7.39(1.4) 
                   BIM-NM 14.3 8.80 6.67(1.2) 
                   BZM-NM 16.1 11.6 17.1(1.1) 
14, BFN      BZM-FM 14.6 7.40 7.03(1.1) 
                   FM-NM 15.1 7.70 6.45(1.0) 
                   BZM-NM 16.1 8.80 16.5(1.0) 
 
Table 3: Summary of interchromophore separations 
 
 
The values of R, as obtained from the Förster calculation, are significantly 
smaller than that of R0 reflecting the relatively efficient SSET between the 
chromophores.  Rmodel values compare qualitatively with R. This gives 
support for the participation of the dipole-induced-dipole mechanism in the 
observed SSET.  However, given the fact that these values are on the 
order of 10Å and below, we can not rule out involvement of an electron 
exchange interaction. 
 
Previously it was noted for 9 that SSET was approximately 2 orders of 
magnitude less than that of most of the other dipeptides.  Further analysis 
of the dipeptide and other polychromophores containing phenanthrene 
suggest participation of the exchange mechanism.  Closs had shown that 
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the log(kTTET) is proportional to the distance separating the 
chromophores.42  For the chromophores in our study, distances were 
estimated via molecular modeling (geometry minimization via MM+; 
HyperChem 5.02, HyperCube Inc.).   Shown below in Figure 55 is the 
log(kSSET) plotted as a function of distance between the chromophores for 
compound 9, 7 (using the average kSSET) and the methyl ester, Figure 52, 
(phenanthrene to benzophenone). 
kSSET VS Intrachromophore Distance, R
y = -0.7284x + 14.605
R2 = 0.9972
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Figure 55:  log(kSSET) plotted as a function of distance between the 
chromophores for compound 7, 9 
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Phosphorescence Spectroscopy 
 
The phosphorescence spectra of 2, 6, 8 and a composite spectrum of 2 
and 6 are shown in Figure 11. At an excitation of 275 nm, 64% of the 
incident light is absorbed by the biphenyl group and 36% by the 
naphthalene moiety.  However, the resultant phosphorescence spectrum 
of the dipeptide 8 is primarily due to naphthalene with very little apparent 
contribution occurring from biphenyl.  The experimentally derived ET 
values for biphenyl and naphthalene are 65.2 Kcal/mole and 61.1 
Kcal/mole, respectively.  Consequently, there is a thermodynamic driving 
force for energy transfer from biphenyl to the naphthyl moiety. 
 
Highly reproducible phosphorescence spectra (from the point of view of 
intensity) are difficult to obtain due to the variable quality of the glasses 
obtained as well as unstable cell path lengths. Therefore, a direct 
comparison of absolute intensities in the composite and dipeptide spectra 
is not possible.  However, comparing spectral shape allows an 
approximation of energy transfer efficiency.  Using this method, a 
composite spectrum composed of a 5% contribution from the biphenyl 
model spectrum and 95% from the naphthalene model spectrum yields the 
best overlap with the dipeptide spectrum even though biphenyl absorbs 
64% of the incident light, Figure 11.  The thermodynamic driving force and 
the lack of a substantial amount of biphenyl contribution to the dipeptide 
spectrum provide strong evidence of TTET from the biphenyl moiety to 
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naphthalene. The energy transfer efficiency can be approximated by using 
the same method as with ESSET.  Using this method, ETTET in 8 is 
approximately 92%.  Moreover, diffusional interaction is expected to be 
very inefficient in the glass.  Therefore the quenching of the biphenyl triplet 
state is likely intramolecular. 
 
However, we note that kISC at 5.53 x 107 s-1 is some 26 times less than 
kSSET, 1.38 x 109.  Based on this it is more probable that the vast majority 
of biphenyl singlet energy is funneled directly into the naphthalene singlet 
manifold which subsequently intersystem crosses to the triplet.   
 
Consequently, the phosphorescence data is inconclusive and it could be 
concluded that no TTET has taken place and the residual biphenyl triplet 
observed is real.  Therefore at this time we can not fully determine what 
the TTET efficiency is, if it occurs at all. 
 
A similar analysis was performed with the other dipeptides, and the data 
obtained are given in Table 4.  
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Compound EDInitial EDFinal ETTET 
7, PBI 
266 nm 
55.4:44.6 0:100 ~100 
8, BIN 
275 nm 
64:36 ? ? 
9, PBZ 
252 nm 
50.9:49.1 0:100 ~100 
10, BB 
285 nm 
74.5:25.5 32:68 57.0 
11, FBZ 
280 nm 
34.5:65.5 0:670 ~100 
12, FN 
268 nm 
74:26 50:95 32.4 
 
Table 4: TTET ED and ETTET data for the bichromophoric dipeptides 
 
 
With two exceptions,  TTET in these systems appear to be efficient on the 
time scale of the 77°K phosphorescence experiment.  However,  TTET for 
10 and 12 is relatively inefficient.  We also note that for 11, the 
phosphorescence yield is significantly higher  than that of the parent 
fluorene model compound.  In 10, TTET occurs from the benzophenone 
moiety (ET = 69.2 kcal/mole) to the  biphenyl moiety (ET = 65.2 kcal/mole).  
Even though the triplet energies should provide a reasonable 
thermodynamic driving force for efficient TTET, there appears to be  a 
significant barrier to the process, as evidenced by relatively slow energy 
transfer.  Several studies on the driving force associated with TTET have 
been reported, most notably by Closs and co-workers.64  They considered 
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the conformational changes taking place on the excited triplet state 
surface and related these changes to entropic changes.  For example, 
10,10-dimethylanthrone and 9,9-dimethylfluorene were used as rigid 
donor and acceptor, respectively, and compared to a system consisting of 
a non-rigid donor and non-rigid acceptor 4-methylbenzophenone and 4-
methylbiphenyl, respectively.  The entropy change occurring in these 
systems can be related to the change in conformational freedom 
experienced when converting between ground states and excited states.  
It was suggested that the planar conformation has less freedom than the 
twisted state and therefore the non-rigid donor, which in the excited state 
has a planar conformation,  would contribute in a positive fashion to the 
entropy change since an increase of conformational freedom occurs when 
the donor passes from the planar conformation in the triplet state to a 
twisted one in the ground state.   In contrast, the non-rigid acceptor would 
contribute in a negative fashion to the entropy since a decrease in the 
conformational freedom occurs due to the fact that the excited triplet state 
is planar. 
 
Qualitatively it was shown that TTET from the benzophenone donor to the 
biphenyl acceptor possessed a significant entropy barrier (-2.1 
gibbs/mole) to TTET as compared to benzophenone to the rigid fluorene 
(.4 gibbs/mole).   The positive value, .4 gibbs/mole, in this case represents 
a thermodynamic driving force rather than a barrier. 
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Closs’s study was completed in solution in contrast to the glass matrix 
used in this work.  As such, it is quite plausible that the rigid nature of the 
glass will reduce the number of conformations obtainable that are 
conducive to TTET for compound 10.  This hydrodynamic barrier in 
combination with the large expected entropy barrier, as indicated from 
Closs’s work, may well explain the lack of efficient TTET in compound 10. 
 
In 11, there is a large increase in the fluorenyl phosphorescence  as 
compared to the fluorene model (4).  This is attributed to the inherently low 
φisc of fluorene (.32)60 as compared to benzophenone (φisc = 1.0)60.  In 
other words, populating the fluorene triplet via TTET from benzophenone 
is more efficient than ISC.  The other chromophores used in this study 
have considerably larger φisc values and therefore do not exhibit enhanced 
phosphorescence emission.  
 
In 12 TTET efficiency is also relatively low.  Since no reorganizational 
energy factors are expected to take part in the energy transfer process it is 
speculated that the low TTET is due to the glass matrix reducing 
conformations that are conducive to efficient energy transfer. 
 
The phosphorescence energy distributions for compounds 13 and 14 are 
shown in Table 6. 
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Compound EDInitial EDintermediate EDFinal ETTET 
13, NBB 
282 nm 
29:29:42 42.7:42.8:14.5 20:33:14.5 65.5a 
22.9b 
14, BFN 
266 nm 
59.8:29.4:10.8 13:52.8:34.2 13:90:95 78.3c 
see textd 
NBB ED ratios: naphthalene:biphenyl:benzophenone 
BFN ED ratios: benzophenone:fluorene:naphthalene 
a; TTET from benzophenone to biphenyl and naphthalene  
b; TTET from biphenyl to naphthalene  
c; TTET from benzophenone to fluorene and naphthalene  
d; TTET from fluorene to naphthalene 
Table 5: ED and ETTET data for the trichromophoric peptides, 13 and 
14 
 
The efficiency of TTET within these compounds is relatively low. Given the 
behavior as observed for compound 10 this was not unexpected. In fact, 
the ETTET values for benzophenone to biphenyl in both the compounds (13 
and 10) are comparable.  The low efficiency of transfer from biphenyl to 
naphthalene can also be explained based on the rigid nature of the glass 
which, as has been stated previously, will reduce the number of 
conformations obtainable that are conducive to TTET.  
 
In contrast to 13, 14 exhibits more efficient TTET from benzophenone to 
fluorene.  This may be due to the fact this TTET is entropically driven, i.e. 
the benzophenone partial planar triplet state relaxes to its more twisted 
ground state.  Also, as noted previously, the peptide backbone employed 
for 14 forces different chromophore conformations than in 13.  Specifically, 
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14 employs leucine residues which have been observed, through 
molecular modeling, to force the chromophores to maintain a more 
perpendicular position with respect to the peptide backbone and therefore 
maintain a shorter average interchromophore distance, see Table 3.  
Consequently  we would expect more efficient TTET. 
 
Due to the relatively low intensities for the fluorene model data it is difficult 
to estimate the extent of TTET from fluorene to naphthalene.  The data 
that was obtained suggests that there is no or very little TTET occurring 
between fluorene and naphthalene.  This result is plausible given the low 
TTET observed for compound 12. 
 
Laser Flash Photolysis 
 
Figure 12 shows the transient absorption spectra of 2, 6 and 8 excited at 
266 nm in MeCN under nitrogen outgassed conditions.  At this excitation 
wavelength, biphenyl and naphthalene absorb 79 and 21% of the incident 
light, respectively. 
 
Kinetic data obtained under outgassed and air-saturated conditions show 
that the transients were efficiently quenched by oxygen.  Additionally, the 
spectra appear similar and have λmax values comparable to previously 
reported data.60,59  Thus these are assigned to the triplet states. 
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Inspection of Figure 12 shows that the dipeptide spectrum has a 
absorption in the region of the biphenyl triplet.   However, as noted 
previously,   kISC for biphenyl (5.53 x 107 s-1) is some 26 times less than 
kSSET in 8, (1.38 x 109 s-1) .  Based on this, it is more probable that the vast 
majority of biphenyl singlet energy is funneled directly into the 
naphthalene singlet manifold which subsequently intersystem crosses to 
the triplet.  The apparent absorption then cannot be attributed to the 
biphenyl triplet.  Consequently, neither phosphorescence nor laser flash 
photolysis data can provide unambiguous evidence of TTET. 
  
For compounds 7, 9, 10 and 11 the TTET appears to be highly efficient.  
The following table shows the initial and final ED values for each 
compound as well ETTET and estimated kTTET. 
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Compound EDInitial EDFinal ETTET kTTET 
7, PBI 
266 nm 
55.4:44.6 0:100 ~100 >5 x 108 
8, BIN 
266 nm 
79:21 ? ? ? 
9, PBZ 
355 nm 
0:100 100:0 ~100 >5 x 108 
10, BB 
355 nm 
0:100 100:0 ~100 >5 x 108 
11, FBZ 
355 nm 
0:100 100:0 ~100 >5 x 108 
12, FN 
308 nm 
83.4:16.6 0:100 ~100 >5 x 108 
 
Table 6: ED, ETTET and kTTET data for the bichromophoric dipeptides 
 
As can be seen, all compounds, except for 8, have been assigned a lower 
limit of kTTET > 5 x 108 s-1, based on the time resolution of our 
instrumentation.  (These compounds showed no observable sign of donor 
triplet absorption and no resolvable growth of the acceptors.)  
 
Laser flash photolysis experiments in solution for the trichromophoric 
compounds 13 and 14 could not be completed.  These compounds were 
too insoluble to obtain test samples with reasonable ground state 
absorbances.  As such, we do not know at this time what the upper limit of 
kTTET  is for these compounds.   Based on phosphorescence data and the 
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lifetime of  the benzophenone triplet at 77°K (6 ms)60,  kTTET for 13 and 14 
is estimated to be at least 2.2 x 102 and 2.6 x 102 s-1 respectively. 
 
TTET Mechanisms: Correlation with Molecular Structure 
 
TTET is viewed primarily as an electron exchange process due to the fact 
that singlet-triplet absorption has a low oscillator strength and therefore 
will produce a low spectral overlap integral.  Therefore, good orbital 
overlap is required which, in turn requires a close approach of  donor and 
acceptor (~ 10 Å) for efficient TTET to occur.  Based upon Förster 
calculations as well as molecular modeling studies (vide supra), it is clear 
that the range of  interchromophore distances obtained will allow for 
energy transfer via electron exchange and is sufficient to account for the 
observed TTET.  However, within this work, it was not possible to rule out 
any participation of a super exchange mechanism involving the 
intervening peptide frameworks. 
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Conclusions 
 
Ground sate absorption spectroscopy, fluorescence, phosphorescence 
and laser flash photolysis show that SSET and TTET occurs efficiently in 
the dipeptide model compounds.  In contrast, only efficient SSET was 
observable in the trichromophoric peptides.  Additionally, trichromophore 
14 showed ~5 fold increase of kSSET over 13 possibly due to 
conformational restriction imposed by the leucine backbone in 14.  
 
Evaluation of SSET mechanisms via the Förster treatment and molecular 
modeling indicates that the dipole-induced dipole mechanism is sufficient 
to account for the observed SSET.  However, given the close distances of 
the chromophores (~10 Å), an electron exchange mechanism can not be 
ruled out. 
 
TTET in the trichromophores could not be fully evaluated due to their low 
solubility.  However, it is shown from 77°K experiments that kTTET is at 
least 2.2 x 102 and 2.6 x 102 s-1 for 13 and 14 respectively. 
 
The final photophysical picture for each of the compounds studied is 
presented in the following energy diagrams. 
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Energy Diagrams 
_______S1, 98.3 kcal
_______S1, 84.9 kcal
_______T1, 65.2 kcal
_______T1, 61.6 kcal
_______________S0 _______________________S0
7, PBI
Biphenyl Phenanthrene
kSSET =2.68 x109
kTTET >5 x108
 
Figure 56: Energy diagram for 7 
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_______S1, 98.3 kcal
_______S1, 91.7 kcal
_______T1, 65.2 kcal
_______T1, 61.2 kcal
_______________S0 _______________________S0
8, BIN
Biphenyl Naphthalene
kSSET =1.28 x10 9
 
Figure 57: Energy diagram for 8 
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_______S1,
                 78.2 kcal
_______S1, 84.9 kcal
_______T1, 69.2 kcal
_______T1, 61.6 kcal
_______________S0 _______________________S0
9, PBZ
Phenanthrene
kSSET =2.97 x107
kTTET >5 x108
Benzophenone
 
Figure 58: Energy diagram for 9 
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_______S1,
                 78.2 kcal
_______S1, 98.3 kcal
_______T1, 69.2 kcal
_______T1, 65.2 kcal
_______________S0 _______________________S0
10, BB
Biphenyl
kSSET =5.57 x10 8
kTTET >5 x10 8
Benzophenone
 
Figure 59: Energy diagram for 10 
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_______S1
                 78.2 kcal
_______S1  94.3 kcal
_______ T1 69.2 kcal
_______T1 67.1 kcal
_______________S 0 _______________________S 0
11, FBZ
Fluorene
kSSET =7.38 x108
KTTET >5 x105
Benzophenone
 
Figure 60: Energy diagram for 11 
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_______ S1
                 91.7 kcal
_______ S1 94.3 kcal
_______ T1
            61.2 kcal
_______ T1 67.1 kcal
_______________ S0 _______________________ S0
12, FN
Fluorene
kSSET = 1.55 x 109
KTTET > 5 x108
Naphthalene
 
Figure 61: Energy diagram for 12 
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_______S1
                 78.2 kcal
_______S1 98.3 kcal
_______ T1  69.2 kcal
_______T1 65.2 kcal
_______________S0 __________S0
13, NBB
Biphenyl
kSSET = 1.1 x109
KTTET ~ 2.2 x10 2
Benzophenone
___________S0
Naphthalene
_______S1 91.7 kcal
_______T1
61.2 kcal
k1 = 1.0 x 108
kSSET = 1.1 x 109
 
Figure 62: Energy diagram for 13 
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_______S1
                 78.2 kcal
_______S1 94.3 kcal
_______ T1  69.2 kcal
_______T1 67.1 kcal
_______________S0 __________S0
14, BFN
Fluorene
kSSET = 5.8 x109
kTTET = 2.6 x102
Benzophenone
___________S0
Naphthalene
_______S1 91.7 kcal
_______T1
61.2 kcal
kSSET = 5.4 x108
kSSET = 5.8 x109
 
Figure 63: Energy diagram for 14 
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